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Abstract

Self-administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) has
resulted in irreversible symptoms of Parkinson's disease in several young drug abusers. It
was found that this neurotoxicant selectively destroys neuronal cells in the substantia nigra
of humans and other primates. Although the mechanism of action of MPTP is not fully
understood, it is now generally believed that the crucial species for MPTP neurotoxicity is
not MPTP itself, but rather some of its metabolites. MPDP+, an intermediate in the
metabolism of the neurotoxin MPTP, was found to generate superoxide radical (‘O;")
during its autoxidation process. The generation of *O;~ was detected by their ability to
reduce ferricytochrome c. Superoxide dismutase (SOD) inhibited this reduction in a dose-
dependent manner. The rate of reduction of ferricytochrome ¢ was dependent not only on
the concentration of MPDP+*, but also on the pH of the system. Thus, the rate of
autoxidation of MPDP* and the sensitivity of this autoxidation to superoxide dismutase
inhibitable ferricytochrome ¢ reduction were both augmented as the pH was raised from 7.0
to 10.5. The rate constant (k) for the reaction of superoxide radical with ferricytochrome ¢
to form ferrocytochrome ¢ was found to be 3.48 x 105 M"! S°1. The rate constant (kyppp+)
for the reaction of MPDP+ with ferricytochrome ¢ was found to be 4.86 M-!S-!. The
generation of *O;” was further confirmed by spin-trapping in combination with EPR
techniques using 5, 5-dimethyl-1-pyrrolonine-N-oxide (DMPO) as the spin trapping agent.
The rate of formation of spin adduct (DMPO-O;") was dependent not only on the
concentrations of MPDP* and oxygen but also on the pH of the system. Superoxide
dismutase inhibited the spin adduct formation in a dose-dependent manner. The ability of
DMPO to trap superoxide radicals, generated during the autoxidation of MPDP?, and of

SOD to effectively compete with this reaction for the available *O3", was used as a



convenient competition reaction to quantitatively determine various kinetic parameters.
Using this technique, the rate constant for scavenging of superoxide radicals by superoxide
dismutase was found to be 7.56 x 10° M-1S-!. The maximum rate of superoxide
generation at a fixed spin trap concentration using different amounts of MPDP* was found
to be 4.48 x 1010 M-S, The rate constant (k;) for MPDP* making superoxide radical
was found to be 3.97 x 10 Sec'l. The second order rate constant (kpypo) for DMPO
trapping superoxide radicals was found to be 10.2 M-1S-1, The life time of superoxide
radical at pH 10.0 was calculated to be 1.25 seconds. These data indicate that superoxide
radicals are produced during spontaneous oxidation of MPDP* and that EPR spin trapping
techniques can be used to determine the rate constants and life time of free radicals
generated in aqueous solution.

Monoamine oxidase type B (MAO-B), an enzyme present in mitochondrial
membranes, is known to metabolize MPTP to MPDP*, which then spontaneously oxidizes
to MPP*. In the studies of MAO-B catalyzed oxidation of MPTP, the neurotoxicant was
found to generate reactive oxygen species during its interaction with the enzyme. The
kinetic parameters, K, and V,,,, for MAO-B catalyzed oxidation of MPTP to the
corresponding species MPDP* were found to be 0.194 mM and 0.335 uM/min,
respectively. The generation of *O;™ and hydroxyl (-OH) radicals was detected as the
DMPO spin adduct by spin trapping in combination with EPR techniques. Addition of
Fe?* (10 uM) to this system caused a 5-fold enhancement in EPR signal intensity of the
DMPO-OH adduct. Catalase, a scavenger of hydrogen peroxide (H;03), inhibited the
DMPO-OH spin adduct formation in a dose-dependent manner, indicating that H,O; is
produced in the MAO-B catalyzed oxidation of MPTP. Ethanol, a well known scavenger
of hydroxyl radical, rapidly produced an alpha-hydroxyethyl radical signal. SOD inhibited
the formation of DMPQO-0O,~ and DMPO-OH spin adducts in a dose-dependent fashion.



These data suggest that *O;" are produced during the oxidation of MPTP by MAO-B and
that the generation of H,0O, and *OH was secondary to the production of *Oy".

MPTP and its metabolites, MPDP* and MPP*, were found to inhibit the activity of
acetylcholinesterase (AChE). The kinetic parameter, K, for the substrate
(acetylthiocholine), was found to be 0.216 mM and K; values for MPTP, MPDP* and
MPP* to inactivate AChE were found to be 2.14, 0.265 and 0.197 mM, respectively. The
inactivation of AChE by these neurotoxicants was found to be dose-dependent. It was
found that MPTP, MPDP* and MPP* are neither substrates of AChE nor the time-
dependent inactivators. The studies of reaction kinetics indicate that the inactivation of
ACHhE by these inactivators is via a mixed-type inhibition. The dilution of the enzyme-
inhibitor complex completely reversed the MPTP inhibition but only partially reversed the
MPDP+ and MPP+ inhibition. These data indicate that MPTP and its metabolites can
inactivate AChE and thereby increase ACh level in the basal ganglia of the brain, leading to
potential cell dysfunction.

These results suggest that once MPTP enters the basal ganglia of the brain, it can be
catalyzed by MAO-B to generate a series of reactive species, including *O;", H;0, and
*OH, which are known to destroy cell membranes, enzymes and other important biological
molecules. The nigrostriatal toxicity by MPTP leading to Parkinson's disease-like
syndrome may largely be due to the reactivity of these reactive oxygen species in
combination with the inactivation of the AChE enzyme in the brain, leading to potential cell

dysfunction.
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CHAPTER I

INTRODUCTION

Parkinson's disease was first described by James Parkinson, a physician, in 1817
as "shaking palsy" (Mehler, 1992). Although this condition was observed over a century
and a half ago, the actual cause of this devastating disease remains obscure. Tremendous
amounts of money and efforts have been spent in Parkinson's research, unfortunately with
minimal results. The recent discovery of MPTP-induced Parkinson's disease provides a
clue for exploring this secret and suggests that the cause of Parkinson's disease may be one

or more environmental pollutants.

The neurotoxicants, MPTP and its metabolites:

Self-administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
along with several other agents including 1-methyl-4-phenylpropionoxy piperidine
(MPPP), has resulted in irreversible symptoms of Parkinson's disease in several young
drug abusers (Langston et al., 1983). These abusers were attempting to simulate the
actions of heroin with the potent agent MPPP. The clinical features that were observed in
those affected by MPTP, include the tremor, rigidity and akinesia, are commonly observed
in Parkinson's patients. Based on the observed lack of concordance of Parkinsonism in
identical twins, most investigators now believe that there are no genetic causes for the
disease (Heikkila, 1988) and the discovery of a causative agent remains a major research
goal.

The discovery of MPTP and MPPP in early 1980's as the primary constituents of
illicit drug mixtures that lead to Parkinson's disease, raised certain intriguing questions. It

was found that primates and dogs treated with rather low doses of MPTP exhibited



extensive neurobiogical, neurochemical and behavioral deficits, similar to those observed in
humans with idiopathic Parkinson's disease (Burns et al., 1983). In contrast, rats (Boyce
et al., 1984; Chiueh et al., 1984; Heikkila et al., 1984 and Sahgal et al., 1984), guinea pigs
(Heikkila et al., 1984 and Chiueh et al., 1984) and gerbils (Heikkila et al., 1984) were
relatively insensitive to the neurotoxic actions of MPTP (Chiueh et al., 1984). Pure
MPPP, howeyver, caused no deleterious effects in either rodents or primates (Burns et al.,
1983; Chiueh et al., 1984 and Heikkila et al., 1984).

Although the mechanism of action of MPTP is not fully understood, most
investigators working in this field do agree that the culprit is not MPTP itself, but rather its
metabolite, 1-methyl-4-phenylpyridinium (MPP*). Since MPP*, being a positively
charged molecule, is unable to cross the blood-brain barrier, it must be formed within the
brain to induce tissue injury. It was reported (Markey et al., 1984 and Langston et al.,
1984) that the MPP* is the major metabolite of MPTP found in the brains of experimental
animals. This led to the suggestion that MPP* formation plays an important role in MPTP-
induced neurotoxicity (Markey et al., 1984). In the studies of MPTP-metabolism, it has
been demonstrated that monoamine oxidase-B (MAO-B) catalyzes the 2-electron oxidation
of MPTP to a dihydropyridinium intermediate (MPDP*), which then spontaneously
oxidizes to form MPP* or disproportionates to form MPTP and MPP* (Chiba et al., 1984
and 1985). The administration of MAO-B inhibitor, L-deprenyl, affords full protection
against the neurotoxic actions of MPTP (Heikkila et al., 1984) in mice. In parallel
experiments, it was shown that animals treated with MAO-B inhibitor prior to MPTP
administration have decreased brain levels of MPP+ compared with mice treated with
MPTP alone (Markey er al., 1984). Moreover, MAO-B inhibitors, given to primates prior
to administration of MPTP, protect against MPTP-induced neurotoxicity (Langston et al.,
1984 and Cohen et al., 1984). This shows that the MAO-B mediated bioactivation of

MPTP to MPP* plays a critical role in the neurotoxic actions of MPTP. Since MAO-B in



the brain is located mainly in the astrocytes (Singer et al., 1988), the question then arises as
to how MPP+ generated extraneuronally reaches the nigrostriatal cells. Javitch et al (1985)
have clearly shown and later confirmed by Mayer et al (1986), Sundatrom et al (1986) and
Ricaurte et al (1985) that the dopamine reuptake system of dopaminergic neurons binds
MPP* very tightly, but not MPTP. This was based on the findings that Mazindol, a
reuptake inhibitor, protects against MPTP-induced toxicity. Subsequently, it was
demonstrated that MPP* is a good substrate for the neostriata dopamine transport system.
The Ky, and Viuqx values for MPPY transport are very similar to the values for dopamine
(Javitch et al., 1985).

The structural features which render MPTP a neurotoxic substance remain obscure
and the mechanism by which MPTP/MPP* destroys the dopaminergic neurons is yet to be
elucidated. Based on the similarity of chemical structures between MPP*+ and paraquat,
speculation has centered on redox cycling reactions between MPP* and dopamine or other
cellular constituents (Castagnoli et al., 1985 and Kopin et al., 1985). It is possible that the
toxicity of MPP*, like paraquat (Bus et al, 1976), may be mediated via the generation of
superoxide free radical (*O7") by redox cycling reactions as follows (Scheme I):

CHs CH3
+e
——
2 .
;7 § . ;Z § | |

N+ ) N
III ‘0 lr ‘0 2 02 |
C

H, H, CH, H,

PQ2+ PQ* MPP* MPP:

Scheme I. Comparison of structures between MPP* and Paraquat.



The generation of reactive oxygen species could overwhelm the protective
antioxidants (such as glutathione, superoxide dismutase and catalase), and can react with
essential polyunsaturated lipids resulting in accumulation of membrane lipid peroxides. It
is generally believed that the generation of free radicals or reactive oxygen species during
metabolism of various toxins results in cell damage and issue injury (Freeman and Crapo,
1982; Trush et al., 1982). Superoxide dismutase (SOD), catalase, and glutathione-
peroxidase and -reductase as well as antioxidant vitamins (vitamin A, E and C) can break
the free radical mediated chain reactions and protect the tissue against oxidative injury.
However, if the rate of the reactive species generation is accelerated, such defense
mechanisms will become inadequate, leading to injury and cell death. Cohen (1984) has
reported that catecholamine neurons are sensitive to oxy-radical attack. Graham (1984) has
suggested that formation of dopamine quinone, its semiquinone products and reactive
species of oxygen (*O37, ‘OH, H20O7) are factors in the pathogenesis of Parkinson's
disease. However, the mechanism of generation of these reactive species responsible for
the injury of these neurons is not known. Although postulated by several investigators,
neither the generation of reactive species of oxygen nor the formation of MPP- radical, one

key intermediate in the redox cycling of MPP*/MPP-, have yet been identified.

Spin Trapping and EPR:

Since its discovery, about forty-five years ago, electron paramagnetic resonance
(EPR) has proven to be a useful tool for studying the chemical, physical, and biological
properties of biomolecules. The ability of EPR to detect low concentrations of free radicals
and its sensitivity to change in environment and molecular motions have greatly augmented
its use. The application of EPR to biological studies has been limited because of the small
quantities of reactive free radicals produced for the direct EPR detection. Various methods

have been employed to overcome this problem including high-energy radiolysis, high-



intensity photolysis, and rapid-flow techniques. However, these techniques are rather
expensive and/or cumbersome and do not appear to be generally applicable to in vivo
conditions. The introduction of spin trapping techniques by Janzen (1973) overcame most
of the above problems.

The spin trapping technique makes use of a diamagnetic compound (the spin trap)
which reacts with a free radical (the spin) giving rise to a relatively stable , EPR-observable
free radical (the spin adduct) as follows:

Radical + Spin Trap ----------------- > Spin Adduct

In favorable cases, the free radicals and the spin adducts can be identified from EPR
parameters (hyperfine splitting constant, g-factor). Thus, spin trapping extends the
capabilities of EPR in that previously unobservable free radicals (or at least, radicals
observable only with difficulty) can now be studied as their respective spin adducts in a
somewhat more leisurely fashion. The spin traps that have been most commonly employed
are those that upon reaction with a free radical produce a stable nitroxide. Typically, spin
traps are either nitroso compounds or nitrones.

The actual experimental procedure employed in spin-trapping experiments depends
on a number of factors such as the manner of radical production, the inertness of the
solvent and reagents with respect to the spin trap, the lifetime of the spin adducts, and
presence of molecular oxygen. Usually, deoxygenation by bubbling purified nitrogen or
argon gas through the solution is sufficient for spin-trapping studies. In some cases
degassing by the freeze-thaw vacuum pump technique is necessary if a very low oxygen
level is required or if volatile reagents are involved. The most popular nitroso compound
used for spin trapping has been 2-methyl-2-nitroso-propane (MNP) or, nitroso-tert-butane
(NtB). Nitroso compounds have an inherent advantage over nitrones for free radical
identification in that the added group lies immediately adjacent to the nitroxide center and

therefore can easily give rise to additional hyperfine splitting and helps to identify the



radical trapped. The nitrone which is used in most spin-trapping studies is phenyl-N-tert-
butyl nitrone (PBN). This is probably due to the fact that it has a good shelf stability, has
been commercially available for a long time, and was the first nitrone to be used in this
manner. However, PBN does not distinguish between alkyl radicals particularly well. Its
spin adducts generally consist of triplet of doublets with a relatively small variation in the
doublet splitting as a function of trapped radical. However, a nitrone which has shown
more sensitivity to the structure of the radical is 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO), introduced by Janzen (1973). It is interesting to consider the origin of the
variation in the proton hyperfine splitting observed as a function of structure of the trapped
free radical. The magnitude of this interaction is governed by the Heller-McConnell (1960)
equation as following:
PAx = (Bo + Bycos?@)o

Where Bo and B, are constants (Bo = 0 and B, = 26 Gauss for nitroxides) and @ is the
dihedral angle formed by the C-N p-orbital and the N-C BH planes; ¢ = spin density on the
atom in question. Thus, each group R* added to the spin trap will have different stereo-
electronic characteristics and will therefore give rise to a different value for @. The spin
trap DMPO is structured so that the conformation of its adducts places the B-hydrogen in a
nearly eclipsing relationship with the nitrogen p-orbital (@ is small and Ay is large). Asa
result, small changes in the bulk of R- give rise to relatively large variations in Ay and it
helps to identify the trapped free radicals. However, each spin trap for the application of
spin trapping has its advantages and disadvantages. The following is the comparison of the

typical spin traps:



Table 1. Comparison of spin traps on their advantages and disadvantages.

Advantages Disadvantages
MNP Spin-adduct spectrum more definitive; Only slightly soluble in H20;
Photolabile to give (Me3C)aN-O;
No stable oxyl spin adducts.
PBN Fast trapping rate constant (for some R.); Spin adduct spectrum less definitive;
Relatively stable compound; Slower trapping rate constant (for some
Spin adduct relatively long-lived; R*);
DMPO Spectrum very sensitive to radical trapped; Fairly reactive compound;
Fast trapping rate constant. Spin adduct relatively short-lived.

The proposed mechanisms of MPTP neurotoxicity:

Considering the fact that neuromelanin is absent in rodent brains but present in
primates and maximum concentration is found in human brain (Marsden, 1961), and that
the MPP* can be rapidly removed from rodent brain within few hours, but persists for up
to 20 days in monkey brain (Johannessen et al., 1985), it is possible that MPTP toxicity is
related to the neuromelanin content of brain tissues. One major theory of MPTP-induced
Parkinson's disease, first introduced in 1986 by R. J. D'Amato, Z. P. Lipman and S. H.
Snyder of the Johns Hopkins University, is that MPP* causes accumulation of intracellular
neuromelanin in the substantia nigra of primates and subsequent release of neuromelanin
induces damage to the neurons of the substantia nigra. On the other hand, neuromelanin
accumulations may reflect a lower capacity of the cellular defense mechanisms that limit
levels of reactive oxygen molecules ("O2", H2O», ‘OH). These reactive species in turn can
promote quinone formation from catechols (Fridovich 1975). Accumulation of MPP*+ and
the rate of its redox cycling in the cytoplasm may play a critical role in accelerating

superoxide formation to a level which exceeds the capacity of the neuron to dispose of



oxidative radicals. The low level of glutathione, an antioxidant, in human substantia nigra
(Perry et al., 1982) has been implicated in the pathogenesis of Parkinson's disease and may
contribute to the susceptibility to MPTP toxicity. Neuromelanin may be a participant in the
redox cycling of MPP*+ which generates free radicals because neuromelanin is a redox
polymer which can form stable free radicals (Van Woert and Ambanic, 1984), i.e., it can,
depending upon the state of oxidation, serve as an electron donor or acceptor.

Since the neuromelanin is sequestered in particles, there is little opportunity for this
compound to react with mitochondrial electron transport system. Although MPP*+ was
proposed by some investigators to react with the reduced quinone and a "MPP*+-MPP-
redox cycle" may act as an electron shuttle enhancing free radicals formation in neuronal
mitochondria, it has been questioned by others which led to negation of the above
hypothesis. Hart (1987) thought that MPP* is not neurotoxic in animal models because it,
like paraquat, is a charged hydrophilic molecule which cannot readily cross the blood-brain
barrier and will therefore not be available in sufficient amounts to affect the substantia nigra
cells. Based on the observations that MPP+ induces a very little amount of oxygen radicals
(Sinha et al., 1986) and causes very little lipid peroxidation in subcellular fractions
(Corongin et al., 1987), Smith et al. (1987), it was concluded that MPP+-induced
Parkinsonism is unlikely to involve oxygen radicals or lipid peroxidation. However,
Javitch et al. (1985) and D'Amato et al (1986) reported that MPP* can enter the neuronal
cells by the dopamine uptake system and its concentration in the dopaminergic neurons may
become several thousand-times greater than in the extracellular concentration.

An alternate approach to explain MPTP neurotoxicity has recently been postulated
based on inhibition of the mitochondrial electron transport chain by MPP*. Similar to the
action of rotenone, and piericidin A, MPP* blocks mitochondrial electron transport at site I
(Nicklas et al, 1985; Vyas et al., 1986; Ramsay et al., 1991). This process is shown in

scheme II as follows:
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Proposed site of inhibition of mitochondrial electron transport chain by MPP*,
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The first clue (Nicklas et al., 1985) came from the observations that the incubation
of rat liver or brain mitochondria with relatively high concentrations (0.5 mM) of MPP+
caused progressive inhibition of the ADP-stimulated oxidation of NAD-linked substrates,
without affecting succinate oxidation. This suggested a block of NADH dehydrogenase
between substrate and ubiquinone (Q). Other studies confirmed this observation and
demonstrated an associated decrease in ATP formation within the dopaminergic neuron
(Heikkila et al., 1985). MPP* was found to accumulate in the mitochondria of liver and
midbrain to 20-30 mM levels which are more than enough to block electron transfer (and
associated ATP synthesis) from NADH dehydrogenase to Q9 (Ramsay and Singer, 1986;
Ramsay et al., 1986). However, the mechanism of inhibition of the electron transport
chain of neuronal mitochondria by MPP* has not yet been resolved. Although such a
process would partially interfere with ATP synthesis, it probably would not kill cells
because complex II can provide sufficient electrons to the respiratory chain to maintain cell
function. More recently, it has been reported that the generation of free radicals induced by
MPP* in submitochondrial particles may be responsible for the neurotoxicity (Hasegawa et
al, 1990 and Cleeter et al, 1992). However, the inability of MPP* to be bio-reduced or to



stimulate the production of superoxide radicals during aerobic reduction ruled out this
hypothesis (Frank et al, 1987).

In 1990, researchers from the National Institute of Mental Health (NIMH) and the
National Institute of Neurological Disorder and Stroke (NINDS) hypothesized that MPP*+
kills the axons, leading to cell death (NIH News, Nov., 1990). Other researchers found
swelling of axons, followed by degeneration at their terminals, degeneration of the axon
and separation of the axon from its parent cell body, and finally; the death of the cell body.
However, these results merely show that the axons die first; they do not provide a
molecular mechanism of cellular death. The axons and the cell terminals being dependent
upon the cell body, any problem in the cell body can compromise neuron respiration and
axoplasmic flow as well. Thus, any injury to the cell body may first be reflected on cell
terminals or the axons (Turner, 1990). Therefore, further studies are necessary to

investigate the primary events of neuronal cell injury caused by MPP+.

Our hypothesis of MPTP neurotoxicity:

According to the information described above, it is evident that MPP* can play an
important role in MPTP-induced Parkinson's disease. However, the neuronal cell damage
caused by MPTP and its metabolites cannot entirely be ascribed to MPP* action on NADH
dehydrogenase alone because MPTP inhibits the activity of NADH dehydrogenase more
powerfully than MPP* does (Mizuno et al, 1987). The interaction of MPP* with NADH
dehydrogenase (Ramsay et al, 1991) would partially interfere with ATP synthesis but
probably not kill the cell because the complex II can provide sufficient electrons to the
respiratory chain for cellular functions. It was reported that MPTP and MPP* can induce
oxidative stress in the lung in a manner similar to that of paraquat (Johannesson et al, 1986
and Adams et al, 1986). More recently, several reports have indicated that inhibition of

complex I by rotenone or MPP* and inhibition of complex III by antimycin A enhances the
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production of free radicals by the respiratory chain (Hasegawa et al, 1990, Minagawa et
al., 1992 and Cleeter et al, 1992). Recently we have found that reactive oxygen species are
produced in MAO-B catalyzed oxidation of MPTP (Zang and Misra, 1993). MPDP*, a
reactive intermediate produced during the process of MPTP metabolism, was found to
decay to MPP* accompanied by with the generation of superoxide radicals (Zang and
Misra, 1992). Any one of these reactive species are capable of causing cell injury and cell
dysfunction. Therefore, it was hypothesized that the free radicals generated during MPTP
metabolism may be the primary events in cellular injury.

Parkinson's disease has been recognized as the most common of the basal-ganglion
disorders (Burnhan, 1989). Closely associated with the basal ganglia are the substantia
nigra and the subthalamus. The caudate-putamen of the basal ganglia contains a number of
neurotransmitter substances including norepinephrine (NE), serotonin (5-HT), glutamate
(Glu), gamma-aminobutyric acid (GABA), dopamine (DA) and acetylcholine (ACh).
Normal function of the caudate-putamen depends on the balance of these transmitters,
particularly on the balance of DA and ACh ( Burnhan, 1989). DA has been described as
the "go" system and ACh the "no go" system ( Burnhan, 1989). Thus, an excess of DA
produces an excess of movement while an excess of ACh produces immobility. ACh can
be rapidly broken down by the enzyme acetylcholinesterase (AChE), which occurs in high
concentration on both pre- and post-ganglion membranes within autonomic ganglia and on
the membranes of parasympathetic nerve terminals where ACh also functions as a
neurotransmitter (Francis, 1988 and Flattery et al, 1989). Inactivation of AChE by a
neurotoxicant will certainly result in the accumulation of an excess amount of ACh leading
to not only immobility, but also may cause neuronal cell injury (Ballinger et al, 1990, Fest
et al, 1973 and Eto, 1979). Although the effect of MPTP and its metabolites on the MAO

enzyme system and mitochondria has been extensively studied, no reference has been made
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to the "no go" system. Therefore, it was hypothesized that excess amounts of free

radicals are produced during metabolism of MPTP and its metabolites and that these

neurotoxicants may alter the activity of AChE; any one of these processes would lead to

Parkinson's like syndrome. The overall mechanisms of the proposed research may be

illustrated by the following scheme:
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